Summary Seedlings of Leptospermum scoparium J.R. et G. Forst (manuka) originating from seed from a low altitude coastal site (Auckland) and from a high altitude inland site (Desert Road) were grown for 96 days in four controlled environments to compare the relationship between growth temperature and frost hardening. Day/night temperature treatments were 12/6, 12/3, 12/0 and 12/−3 °C. Frost hardiness was determined at 14-day intervals by exposing whole seedlings to temperatures ranging from −2 to −8 °C. Frost damage differed significantly between the two populations: Desert Road seedlings were less affected than Auckland seedlings. At all growth temperatures, the time courses of frost hardiness of both populations followed curvilinear relationships reaching a maximum hardiness at about Day 50, after which the seedlings spontaneously dehardened. The rate of frost hardening increased linearly with decreasing temperature from 6 to 0 °C, but thereafter, no further increase occurred with decreasing temperature to −3 °C. The frost hardening process was more sensitive to temperature in the Desert Road seedlings than in the Auckland seedlings, and this difference may account for the intraspecific variation in frost hardening capacity of this species. Comparisons with Pinus radiata D. Don and Lolium perenne L. indicated that interspecific variation in frost hardening capacity can also be accounted for by differences in the sensitivity of the hardening process to temperature.
Introduction
The development of frost hardiness in plants is environmentally controlled, particularly by photoperiod and temperature (Weiser 1970 , Greer et al. 1989 . The specific effects of these factors on frost hardiness have been studied in many species including Pinus sylvestris L. and Picea abies (L.) Karst. (Aronsson 1975 , Christersson 1978 , Pinus radiata D. Don (Greer and Warrington 1982, Greer 1983) , Alnus species (Tremblay and Lalonde 1987) , Salix pentandra L. (Juntilla 1989) and Lolium perenne L. (Eagles and Williams 1992) .
Greer and coworkers (Greer and Warrington 1982 , Greer 1983 , Greer et al. 1989 have shown that frost hardening in P. radiata is dependent on both temperature and photoperiod, and that there is a linear relationship between the rate of hardening and the rate of change in photoperiod. Similarly, there is a linear relationship between temperature, at least between +5 and −4 °C, and the rate of frost hardening, with a threshold temperature of about 6 °C, above which no hardening occurs.
Intraspecific variation in frost hardiness has been established for many species (Rehfeldt 1980 , Kuser and Ching 1980 , Jonsson et al. 1986 , Hawkins et al. 1991 . In addition, the ability to frost harden is known to be inherited in such diverse species as P. sylvestris (Norell et al. 1986 , Andersson 1994 , P. radiata (Menzies et al. 1987 ) and white clover, Trifolium repens L. (Caradus et al. 1989) . However, it is not known how genetic variation in frost hardiness within a species is expressed in terms of the environmental regulation of the process. Similarly, it remains to be determined if the specific aspects of the temperature control of frost hardening in P. radiata (Greer 1983 ) are translatable, either qualitatively or quantitatively, to other species.
Leptospermum scoparium J.R. et G. Forst (manuka), New Zealand's most widely distributed woody species, exhibits genotypic variation in frost hardiness. Northern populations have little frost hardening capacity, whereas southern populations from both inland and high altitude sites have both greater frost hardiness and more capacity to harden (Greer et al. 1991, Harris and Decourtye 1991) . Although the expression of frost hardiness is environmentally dependent, ecotypic selection for frost hardening occurs across the altitudinal range of manuka.
There are several hypotheses to explain how genetic variation in frost hardening might be expressed. First, there may be a similar quantitative relationship among genotypes between temperature and frost hardening but a different threshold temperature at which hardening is initiated; however, the more hardy genotypes are, a priori, likely to have a lower temperature threshold, i.e., for the same frequency of hardening temperatures, hardy genotypes would harden less than those with a higher threshold temperature. A second possibility is that different genotypes have the same threshold temperature but different responses to temperature. The more hardy genotypes would have greater sensitivity to temperature and thus harden at higher rates than the less hardy genotypes. A third hypothesis is that the differences in hardening between genotypes is a combination of both different threshold temperatures for hardening and different sensitivities to temperature.
The objective of this study was to evaluate these hypotheses using two populations of manuka seedlings from distinct geographical origins. A second objective was to compare the frost hardening responses to temperature of the two populations with that of the more intensively studied P. radiata.
Materials and methods
The experiment was carried out in controlled environment facilities, including the specialized low temperature (frost) rooms (Robotham et al. 1978) at the HortResearch National Climate Laboratory, Palmerston North, New Zealand.
Site description
Manuka (Leptospermum scoparium J.R. et G. Forst) seedlings were supplied by the Department of Conservation Nursery, Taupo, New Zealand. The seed originated from two sites, Karekare (North Auckland, 10 m a.s.l., 175°30′ E 37°06′ S, hereafter referred to as Auckland) and the Desert Road (Central North Island, 850 m a.s.l., 175°50′ E 39°10′ S, referred to as Desert Road).
Cultural conditions
Seedlings were transported to Palmerston North in Rootrainers (400 ml, Spencer LeMaire Ltd., Edmonton, Alberta) in midwinter (July) 1992, when the Auckland population was 2 years old and the Desert Road population was 1 year old. Field studies have shown that manuka seedlings aged between 8 months and 3 years show no differences in frost tolerance (R. MacGibbon, personal communication). The seedlings were placed in 1.2-l pots containing sterile Opiki soil/crusher dust/coarse pumice (2/1/1 v/v) with added lime (Dolomite, Mintech NZ Ltd., Auckland) and trace elements (Micromax, Sierra Chemicals Europe, Heerlen, Netherlands). The seedlings were grown in a greenhouse at 25/15 °C (max/min) over the winter months, and then moved to an open shade house for 3 weeks. Plants were about 30 cm in height at this stage of the experiment.
Growth conditions
Preconditioning phase In late spring (November, photoperiod 14 h, mean temperature 14 °C), 96 seedlings of each population were transferred to each of four controlled environment (CE) rooms providing a 10-h photoperiod, photon flux density of 700 µmol m −2 s −1 and day/night air temperatures of 12/6 °C. These conditions were maintained in all four CE rooms for 5 weeks to precondition the plants.
Main conditioning phase Following the preconditioning phase, night temperatures in three of the CE rooms were reduced to 3, 0 or −1.5 °C. The −1.5 °C temperature was maintained for 5 days to allow for some initial acclimation to the subzero temperature. The temperature was then reduced to −3 °C and maintained at this level for the duration of the experiment. The soil temperature for seedlings in the subzero treatment was maintained at 5 °C with a 100-W heating element located in the base of each frost trolley as described by Greer and Warrington (1982) .
Evaluation of frost hardiness
To establish the initial degree of frost hardiness, five plants from each population were subjected to −4 °C in a low-temperature CE room on Days 1 and 21 of the preconditioning phase. The plants were transferred to the low-temperature CE room, which was initially set at 12 °C. The temperature was then reduced to −4 °C over 6 h, held at this minimum for 6 h and then increased over 4 h to 12 °C. Other details were as described by Greer and Warrington (1982) . During the main conditioning phase, samples of five seedlings from each treatment were exposed to each of three frosts ranging from −2 to −8 °C at 14-day intervals.
Following each frost treatment, the seedlings were transferred to an outdoor shelter, and after 4--6 weeks, frost damage was assessed visually by leaf browning and desiccation according to the scale described by Menzies and Holden (1981) : 0 = no damage, 1 = some foliage damage (< 10%), 2 = 10--30% leaves damaged, 3 = 40--60% leaves damaged, 4 = 70--90% leaves damaged, and 5 = seedling dead. Further observations were made 8 weeks after the frost treatments to confirm the extent of damage to each seedling.
Data analysis
Treatment means were compared by analysis of variance based on a general linear model (SAS Institute, Cary, NC), and the standard error for each treatment mean determined. Frost hardiness was then assessed by interpolation between two frost temperatures as the maximum temperature the seedlings could tolerate with a mean damage rating of 2 (Greer and Warrington 1982, Greer et al. 1989 ). This is a conservative estimate of the frost hardiness temperature and is based on field trials on P. radiata and Acacia species Holden 1981, Pollock et al. 1986 ). Frost hardiness and standard errors were then determined using a general linear model of all data. Regression analyses were used to calculate rates of frost hardening from the time courses of frost hardiness, and these were compared by a general linear model using SAS. The rates of frost hardening were then adjusted at each temperature by the fraction of the period of each day the seedlings were exposed to the low temperature, according to the method of Greer (1983) , on the assumption that hardening did not occur at the day temperature.
Results

Preconditioning phase
At the start of the preconditioning phase, neither the Auckland nor the Desert Road population was able to tolerate the −4 °C frost and all seedlings died. After 3 weeks of short photoperiods and low temperatures (10 h, 12/6 °C), the Auckland seedlings all died and the Desert Road seedlings were seriously damaged by the −4 °C frost. By the end of the preconditioning phase, seedlings of both populations suffered no damage at −2 °C, severe frost damage at −4 °C and died at −6 °C (Figure 1) . Thus, frost hardiness (based on a damage rating of 2) of the seedlings was assessed as −3.0 ± 0.2 °C.
Main conditioning phase
Frost damage When averaged over all growth temperatures and evaluation times, the Auckland seedlings were significantly more frost damaged (mean damage score = 3.3 ± 0.1) than the Desert Road seedlings (mean score = 2.7 ± 0.1). There were also significant effects of growth temperature on frost damage when averaged over all evaluation times (Table 1) . For both populations, the least frost damage occurred in seedlings grown at 12/0 °C, and the greatest damage occurred in seedlings grown at 12/6 °C. Differences in frost damage between the two populations were not significant at the two higher temperatures (12/6 and 12/0 °C), but they were significant at the lower temperatures (0 and −3.0 °C), because the Desert Road seedlings were less damaged than the Auckland seedlings in these treatments.
Frost hardiness Average frost hardiness of the Auckland seedlings was significantly (P < 0.05) less than that of the Desert Road seedlings (−4.4 ± 0.1 versus −4.7 ± 0.1 °C). The growth temperature also significantly affected frost hardiness of the Desert Road seedlings (Table 1 ). There was a 2 °C spread in frost hardiness from a minimum of −3.4 °C for seedlings in the 12/6 °C treatment to a maximum of −5.4 °C for seedlings in the 12/0 °C treatment. There were no significant population differences in average frost hardiness between seedlings grown at 12/6 and 12/−3 °C, whereas there were significant population differences in average frost hardiness of seedlings grown at 12/0 and 12/−3 °C, with the Desert Road seedlings being more hardy by approximately 1 °C than the Auckland seedlings. Thus, although there was an overall difference in frost hardiness between the two populations, the growth temperature was the primary factor influencing the development of frost hardiness.
Time course of frost hardening
In all treatments, seedlings began to harden when low temperatures were imposed, but hardening only continued for about 50--60 days (Figure 2 ) at which time maximum frost hardiness was reached. Subsequently, seedlings began to spontaneously deharden. The time course of hardening and dehardening therefore followed approximately quadratic kinetics. The development of frost hardiness was temperature dependent, with seedlings in the 12/6 °C treatment hardening only slightly, whereas seedlings in the 12/0 °C treatment developed the greatest hardiness. Hardening of seedlings in the 12/−3 and 12/0 °C treatments was similar except that seedlings in the 12/−3 °C treatment dehardened faster than seedlings in the 12/0 °C treatment. Hardening and dehardening of seedlings in the 12/3 °C treatment was intermediate between that of seedlings in the 12/−3 and 12/6 °C treatments (data not shown).
Rates of frost hardening Maximum rates of frost hardening of seedlings in both populations in all temperature treatments occurred at about Day 20, as determined by differentiation of the quadratic equations fitted to the time courses of frost hardiness (Figure 3 ). Population differences in rates of harden- Figure 1 . Frost hardiness (mean ± SE, n = 5) of manuka seedlings exposed to three frost temperatures at the end of the preconditioning phase. Frost hardiness was assessed as the temperature corresponding to an average score of 2 (equivalent to 30% foliage damage). Table 1 . Frost damage and frost hardiness (mean ± SE) of manuka seedlings from two populations grown at each of four controlled temperature regimes and averaged over the six evaluation times. ing were not significant for seedlings grown at 12/6 and 12/3 °C, but the population differences were significant for seedlings at 12/0 and 12/−3 °C (P < 0.01), with the rates for the Desert Road seedlings being about 20 to 40% higher than those for the Auckland seedlings. Additionally, because the quadratic regression at 6 °C was nonsignificant (P = 0.18), the rate of hardening was assessed to be 0.0 °C day
, even though there was a slight development of frost hardiness.
For both populations, maximum rates of frost hardening were highly dependent on growth temperature (Figure 3 ). Frost hardening rates of the Auckland population increased linearly from 0.0 °C day −1 at 6 °C to −0.14 °C day −1 at 3 °C, but thereafter increased only slightly with further decreases in temperature. In the Desert Road population, the rates of frost hardening increased more or less linearly from 6 to 0 °C and then decreased slightly at −3 °C.
Discussion
In both populations, the apparent threshold temperature for the onset of frost hardening was about 6 °C, and the temperature enabling maximal frost hardiness development was 0 °C. However, the seedlings only developed 4 °C greater frost hardiness over the initial summer value of −3 °C. The Auckland population, originating from near sea level at a latitude of 37° S, had a maximum hardiness of −5.5 °C, and the Desert Road population, originating from about 850 m a.s.l. at 39 °S, had a maximum frost hardiness of −6.5 °C. These results are consistent with earlier findings showing that midwinter frost hardiness of manuka was more dependent on latitude than on altitude of origin. When averaged over all treatments, frost damage was significantly lower and estimated frost hardiness significantly higher in the Desert Road population than in the Auckland population. Although this is consistent with genetic variation in frost hardening between the two populations, the difference may be underestimated if the capacity for frost hardening in the 1-year-old Desert Road seedlings continued to increase with age (Aronsson and Eliasson 1970) . The seedlings showed no development of frost hardiness during the 5-week preconditioning phase indicating that there was no initial response to a shortening of the photoperiod to 10 h. This contrasts with P. radiata seedlings which develop at least 4 °C of frost hardiness under similar conditions (Greer and Warrington 1982) and have a photoperiod-dependent frost hardening component (Greer et al. 1989) .
Development of frost hardiness commenced soon after seedlings were exposed to low temperatures at night, reaching a maximal rate of hardening by about Day 20. Thereafter, the seedlings continued to harden at a progressively declining rate until about Day 50 when maximal hardiness was achieved. Subsequently, the seedlings began to deharden. This pattern of hardening and dehardening differs from that in P. radiata where seedlings continue to harden at a constant rate while temperatures remain favorable (Greer 1983) . Spontaneous dehardening in controlled environments has also been observed in P. radiata, although only at temperatures near the threshold and in association with photoperiod-dependent hardening (Greer et al. 1989) .
Because there was limited development of frost hardiness in manuka (4 °C) compared to that in radiata pine (12--16 °C; Greer and Warrington 1982, Greer 1983) , the difference in patterns of frost hardening between the two species likely reflected differences in their capacity to develop frost hardiness. Maximum rates of frost hardening in radiata pine seedlings were nearly twofold higher than in manuka seedlings. The temperature dependency of frost hardening also differed markedly. In both species, the threshold temperature was about 6 °C; however, in radiata pine, the temperature dependence of the rate of frost hardening was linear, at least to −4 °C, which was the apparent optimal temperature for frost hardening, whereas, in manuka, the temperature dependence of the rate of frost hardening was curvilinear with an optimum rate at about 0 °C. Thus in radiata pine, there was a wider effective temperature range below the threshold for frost hardening than in manuka. We conclude that the difference between the two species in the response of the hardening process to low temperatures accounts for the difference in their capacity to frost harden.
Although differences in the response of the hardening process to temperature between the two manuka populations were small, they are consistent with the differing frost hardening capacities of the two populations. In both populations, rates of frost hardening increased more or less linearly with decreasing temperature from 6 to 0 °C; however, because the maximum rate of frost hardening in the Desert Road seedlings was higher than in the Auckland seedlings, the temperature dependency (determined as the change in rate of hardening with temperature) in the Desert Road population was about 40% higher than in the Auckland population (0.032 versus 0.024 °C day
). The sensitivity of the hardening process to temperature was, therefore, higher in the Desert Road population than in the Auckland population. The comparable temperature de- ; Greer 1983) was 30--40% higher than that for the manuka populations, indicating a more sensitive response to temperature in pine than in manuka.
We have also analyzed the time courses of frost hardening reported by Williams and Eagles (1992) for L. perenne for a range of constant 24-h thermoperiods between 2 and 10 °C. The L. perenne seedlings hardened at a linear rate at 2 and 4 °C (P = 0.06) and at a curvilinear rate from 6 to 10 °C (P = 0.007--0.09). At each temperature, the rate of frost hardening showed a nearly linear dependence on temperature, particularly at the lower temperatures (Figure 4) . Thus, the sensitivity of the frost hardening process to temperature in L. perenne is higher (0.059 °C day ) than in P. radiata. Although temperature-dependent frost hardening in the perennial grass L. perenne conforms closely with that in the hardwood manuka and the conifer P. radiata, the effective hardening temperature range in L. perenne is substantially wider than in radiata pine or manuka as a result of the higher threshold temperature.
We conclude that genetic variation in frost hardening capacity of manuka species is accounted for by differences in temperature sensitivity of the frost hardening process rather than by differences in the threshold temperature. Comparisons of manuka with P. radiata and L. perenne indicated that interspecific variation in frost hardening may also be accounted for by differences in temperature sensitivity of the hardening process; however, the species also differ in the range of effective frost hardening temperatures.
